Acetaldehyde is regulated as a toxic substance in various fields, and the method for monitoring or analysis of acetaldehyde is important. However, handling is difficult because of the high reactivity and low boiling point of acetaldehyde. Therefore, a reference material for high purity acetaldehyde with high accuracy was not available. Although the measuring method of acetaldehyde as a reagent is published in the Japanese Industrial Standard (JIS) where the specification of acetaldehyde purity is more than 80%, the analytical method described in JIS is not enough for an accuracy purity determination method. In this research, the high precision purity determination method for development of a certified reference material (CRM) of acetaldehyde was examined. By controlling the volatility and reactivity of acetaldehyde, we established the purity determination method of acetaldehyde with a relative standard uncertainty of less than 0.3%. Furthermore, this method was applied to develop a high purity acetaldehyde CRM with an expanded uncertainty of 0.005 kg kg -1 (k = 2).
Introduction
Acetaldehyde is an important chemical species of interest in the analysis of air as it can cause air pollution and foul odors. Moreover, it is also one of the causative agents of the sick building syndrome and has been suggested to be carcinogenic. Therefore numerous papers on quantitative analyses of acetaldehyde in both indoor and outdoor air have been reported, [1] [2] [3] [4] and risk assessments are being conducted. 5 The International Agency for Research on Cancer (IARC) regards acetaldehyde as a possible carcinogen which has been classified in Group 2B. 6 In Japan, acetaldehyde in environmental analysis is accurately controlled by the Japan Calibration Service System (JCSS). 7 In the JCSS, an acetaldehyde standard gas has been issued since 2008, whereas before 2008 a high purity acetaldehyde reference material was not available. Therefore, in order to conduct highly reliable measurements, a reference material to which an accurate purity value has been assigned was required. A method for measuring acetaldehyde is described in the Japanese Industrial Standard (JIS K 8030) 8 (hereinafter, "JIS method"), but this method is intended to evaluate its characteristic value of 80% or higher. In contrast, reagent manufacturers are marketing higher purity reagents, but those reagents are evaluated based on the internal standards of each manufacturer. Therefore, in order to improve the reliability of purity values, a higher precision method for evaluating purity must be established. The reliability of an analytical value will be improved by using a high accuracy reference material. In light of this, an acetaldehyde certified reference material (CRM) to which an accurate purity was conferred was developed in order to ensure traceability and high reliability. A CRM for purity must have a high level of purity with small uncertainty in order for it to be used to prepare samples and calibration curves. More specifically, the purity must be 98% or higher with an expanded uncertainty of 1% or less.
Although acetaldehyde is generally measured in the atmospheric environment, an accurate method for analyzing high purity acetaldehyde that can be used as a reference method has not been established. The reason stems from the extreme difficulty in handling acetaldehyde due to the properties of the material itself. One of those properties is the boiling point of approximately 20 C, which makes acetaldehyde highly volatile, and thus sample preparation is difficult. Another property is the high reactivity. Ordinarily, acetaldehyde is known to be oxidized in the air and converted to acetic acid. In addition, acetaldehyde can undergo thermal polymerization.
In addition, 3-hydroxybutanal, 2-butenal (crotonaldehyde), a cyclic-trimer (2,4,6-trimethyl-1,3,5-trioxane (paraldehyde)), a cyclic-tetramer (2,4,6,8-tetramethyl-1,3,5,7-tetraoxocane (metaldehyde)), and the like are also known to be produced.
In this research, various measures to improve the accuracy of the neutralization titration method as a primary method are examined for the purpose of purity determination of acetaldehyde with an expanded uncertainty of 0.01 kg kg -1 or less. We also examined a method to accurately evaluate acidic impurities and aldehydes other than acetaldehyde that can be included in the results of the neutralization titration and should be deducted from the results by neutralization titration. Furthermore, the purity evaluation method established in this research was used to develop an acetaldehyde CRM (NMIJ CRM 4054-a).
Experimental

Instruments
The 809 Titrando from Metrohm AG was used for the neutralization titration, and a gas chromatograph with a mass spectrometer (GCMS-QP2010) from Shimadzu Corp. was used for quantification of impurities. A gas chromatograph with a flame ionization detector (GC-FID, HP6890 Series) from Agilent Technologies was used to quantify the impurities.
Materials
Acetaldehyde (>99.5%, Sigma-Aldrich, ACS reagent) sealed in a 5 mL brown-colored glass ampoule was used to examine the measurement conditions. The hydroxylammonium chloride (>98%, Wako Pure Chemical Industries, JIS special grade) used in the reaction, the sodium hydroxide aqueous solutions (0.5, 1, 2, and 4 mol L -1 , Wako Pure Chemical Industries, for volumetric analysis) used for neutralization titration, the acetic acid (>99.5%, Wako Pure Chemical Industries, for high performance liquid chromatography) used for preparation of the impurity standard solution, and the 1,4-dioxane (>99.5%, Wako Pure Chemical Industries, JIS special grade) used as the solvent for impurity analysis were purchased from Wako Pure Chemical Industries. A standard solution crotonaldehyde (>97%, Tokyo Chemical Industry Co., Ltd., special grade) was purchased from Nacalai Tesque, and the chlorobenzene (>99.5%, Kanto Chemical Co., Inc., special grade) used as the internal standard was purchased from Kanto Chemical. The potassium hydrogen phthalate which was the CRM ((100.00 ± 0.027) %, NMIJ CRM 3001-a) from the National Metrology Institute of Japan, the National Institute of Advanced Industrial Science and Technology was used for the neutralization titration. Also, 100 mL aluminum seal vials were used as the containers for titration. In the impurity analysis using the GC-FID, the sample was injected in a brown-colored screw cap vial for GC use, the septum of the vial cap was made of silicon rubber, and both surfaces were coated with polytetrafluoroethylene (PTFE).
As for the acetaldehyde of the candidate CRM, 200 samples sealed in 10 mL brown-colored glass ampoules were purchased from Sigma-Aldrich.
Purity determination of aldehyde by titration method
In order to improve the precision of the JIS method for purity determination by a titration method, the measurement container and sample preparation environment were optimized. The reaction scheme in the JIS method is shown below. The reaction in this method is Eq. (1), and the neutralization titration is Eq. (2).
HCl + NaOH → NaCl + H2O
When hydroxylammonium chloride is reacted with acetaldehyde, the reaction proceeds on a one-to-one basis, an imine and hydrogen chloride are produced and the amount of hydrogen chloride produced is the same as the amount of acetaldehyde. The amount of acetaldehyde can be quantitatively determined through neutralization titration of this hydrogen chloride with an aqueous solution of sodium hydroxide. First, a 50 mL aliquot of a 100 g L -1 hydroxylammonium chloride aqueous solution was placed in a 100 mL aluminum seal vial used in titration and then hermetically sealed. The total mass including the vial was weighed, after which the material was cooled in a refrigerator in a nitrogen-atmosphere glove box. Next, the acetaldehyde sample was added using a gas tight syringe to a vial placed in the refrigerator, after which the temperature inside the glove box was returned to room temperature. The total mass was weighed, and the mass of the acetaldehyde sample added was calculated. The prepared sample was neutralized through titration with an aqueous solution of sodium hydroxide, and the acetaldehyde was quantitatively determined. An accurate concentration of the aqueous solution of sodium hydroxide was determined by titration using a potassium hydrogen phthalate CRM.
Impurity analysis by GC-FID
GC/MS was used to identify the impurities found in the acetaldehyde candidate reference material. The measurement of GC/MS was repeated three times in an ampoule. In addition, to quantitatively determine the impurities, 100 mg each of chlorobenzene, acetic acid, and crotonaldehyde were added to a vial with Miniert-valve and then diluted with approximately 10 g of 1,4-dioxane to prepare a mixed solution with 10 mg g -1 of each component. This was further diluted with 1,4-dioxane to prepare two mixed solutions with the concentrations of 100 and 200 μg g -1 . These two prepared samples were measured with GC-FID, and the relative sensitivity to chlorobenzene of each of the concentrations was calculated.
Similarly, chlorobenzene alone was diluted in two steps with 1,4-dioxane to prepare an approximately 100 μg g -1 solution to which 1.0 g of acetaldehyde was then added, and the resulting mixture was measured as the measurement sample with GC-FID. We measured triplicated in this analysis for 12 ampoules. Also because of oxygen in both the solvent and chlorobenzene used as the internal standard cause oxidation of acetaldehyde, oxygen in these materials was removed with a vacuum degasser with micro wave. The DB-WAX (length of 60 m, inner diameter of 0.32 mm, and film thickness of 0.5 μm) column from Agilent was used for separation, and 1 μL of the sample was injected at a split ratio of 1:20. Helium was used as the carrier gas, and the linear velocity was set to 30 cm s -1 . The temperature of the injector was set to 220 C. The temperature of the detector was set to 240 C. The program for increasing the temperature of the column oven was set to 30 C (10 min) → 10 C min -1 → 230 C (20 min).
Measuring evaporation residue
The evaporation residue was measured using approximately 10 g of acetaldehyde from three ampoules. Acetaldehyde was added to an empty screw cap vial in a nitrogen-atmosphere glove box, and the combined mass determined at room temperature. The vial was then opened in the glove box and left overnight to evaporate the acetaldehyde. Next, the vial was dried for one hour at 80 C, after which the temperature was returned to room temperature, the material was weighed, and the evaporation residue was calculated.
Development of acetaldehyde CRM
Acetaldehyde is known to produce acetic acid through oxidation in air, and thus 200 samples were enclosed in browncolored glass ampoules under an Argon atmosphere as candidate CRM. Then long-term storage is expected to be possible. In the CRM development, neutralization titration and impurity analysis were performed on 12 ampoules randomly collected by stratified sampling, and the homogeneity was analyzed by the results of the purity determinations of all 12 samples. Moreover, the purity determination of acetaldehyde was periodically conducted, and the stability of the samples evaluated. Consequently, the certified value was determined with consideration of the uncertainties of purity determination, homogeneity, and stability.
Results and Discussion
Quantitative analysis of aldehydes by neutralization titration
First, the reaction time was optimized by varying the time from the addition of the acetaldehyde to the solution before the neutralization titration. The results are shown in Fig. 1 . When the reaction time was 1 -3 h, it was not complete. The unreacted portion was not reflected in the quantitative value, and thus low values were obtained. Furthermore, when the reaction was allowed to proceed for 5 h or longer, the quantitative value became constant, and thus it is thought that the reaction had completed by that time. Also, even when the solution was allowed to react overnight (approximately 12 h), there was no change in the quantitative value, and we were able to confirm that even when an excessive reaction time is set, there is no impact on the quantitative value if a container with air tightness is used. Therefore, a reaction time of 5 h or longer was used for all measurements.
Next, the influence on the quantitative value of the mass of the acetaldehyde and the concentration of the titration reagent in the neutralization titration was evaluated. The measurement results obtained by varying both the amount of the sample and by changing the concentration of the titration reagent are shown in Figs. 2 and 3 , respectively. When the amount of the acetaldehyde was increased, the results indicated an improvement in repeatability. This is thought to be due to an improvement in the repeatability of the weighing of the acetaldehyde. On the other hand, when the concentration of the titration reagent, the aqueous solution of sodium hydroxide, was increased, a tendency for repeatability to decrease was found. This is thought to be due to improvement in accuracy or resolution of the titration near the end point of titration. When approximately 1.5 mL of the sample was used for measurements with a 1 mol L -1 aqueous solution of sodium hydroxide, it was possible to measure the purity of acetaldehyde with an approximately 0.2 relative standard deviation (RSD)%. The preparation and measurement errors can be reduced by using these measurement conditions, and the purity of acetaldehyde can be measured with a high degree of accuracy.
This method was compared with JIS the method. With the conventional JIS method, it was possible to measure acetaldehyde purity with a 0.7%RSD (n = 5). However, measurements with our method achieved an RSD of 0.2% or less (n = 5). The major differences in procedures of measurements between our method and the JIS method are thought to be the use of the aluminum seal vials with air tightness, and the optimization of the sample amount and the reaction time. When low airtight containers are used for preparation, the sample can vaporize, resulting in values with 0.7%RSD repeatability, as reflected in the results.
Impurity analysis by GC-FID
In a qualitative analysis of impurities using GC/MS, acetic acid which is obtained by oxidation of acetaldehyde was detected, along with crotonaldehyde, paraldehyde, and metaldehyde which are produced by the polymerization of acetaldehyde. Acetic acid and crotonaldehyde are expected to influence the neutralization titration value, but paraldehyde and metaldehyde do not have a formyl group within their molecules, and thus are thought not to impact the neutralization titration value.
A measurement sample was prepared by dissolving acetaldehyde in 1,4-dioxane, and then adding chlorobenzene as an internal standard. This measurement sample was then measured with GC-FID, and the chromatograph obtained is shown in Fig. 4 . As impurity peaks, in addition to the acetic acid, peaks for trace amounts of crotonaldehyde, paraldehyde, and metaldehyde were confirmed from the retention time. In the neutralization titration of acetaldehyde, acetic acid and crotonaldehyde will influence the result, so only the acetic acid and crotonaldehyde were quantitatively determined with GC-FID. First, the relative sensitivities of crotonaldehyde and acetic acid to chlorobenzene were estimated from their peak area values and the prepared concentrations by GC-FID. Using the calculated relative sensitivity, the acetic acid and crotonaldehyde in the acetaldehyde were determined. And from the results of analysis of acetic acid with various storage times, it was confirmed that the concentration of acetic acid increases with time ( Fig. 5) , while the components other than acetic acid remained constant. Because it is known that acetic acid is produced by the oxidation of acetaldehyde, it is thought that the concentration of acetic acid increases through oxidation by air. Moreover, because only the acetic acid increases, it is thought that this is not due to the evaporation of the sample during storage on the sample tray of the GC-FID. Furthermore, an increase in the acetic acid concentration was observed even when the sample was prepared in a nitrogen atmosphere glove box. Thus, it can be concluded that acetaldehyde decomposes while stored in air. Also, from Fig. 5 , it is apparent that the amount of increase in the acetic acid concentration per unit time is not dependent on concentration, and that a constant level of oxidation occurs. Here, a sample prepared in the glove box was stored in the glove box until just before the measurements were performed. From the results, an increase in the concentration of acetic acid was not observed, and we estimated an acetic acid concentration of 1.63 g kg -1 and a crotonaldehyde concentration of 0.05 g kg -1 by impurity analysis. From these results, it was confirmed that when the acetaldehyde sample is stored in a sample vial for GC, oxygen penetrates into the vial, and a trace amount of acetaldehyde is oxidized. Moreover, for the sample preparation the 1,4-dioxane solvent was not degassed, the quantitative value of the acetic acid increased. From these results, it is suggested that it is important to minimize the exposure or contact of the measurement sample with oxygen for an accurate, quantitative determination of the acetic acid in acetaldehyde.
Purity determination of acetaldehyde in the development of a CRM
The purity of acetaldehyde can be determined by subtracting the impurities calculated in "Impurity analysis by GC-FID" section from the total amount of the aldehyde and acid calculated by "Quantitative analysis of aldehydes by neutralization titration" section. First, neutralization titration was implemented three times each on 12 ampoules using optimized measurement conditions, and the total amount of the acid and aldehydes was calculated. Next, impurity analysis was conducted using GC-FID three times each on 12 ampoules, and the results of quantitative determination indicated that the concentration of acetic acid and crotonaldehyde were 1.63 and 0.05 g kg -1 , respectively. The quantitative value of the impurities was subtracted from the results of the neutralization titration, and the purity of the acetaldehyde was obtained. These results are shown in Table 1 . The average value of 0.9984 kg kg -1 for 12 ampoules was used as the purity value of the CRM. Also, in the measurement of evaporation residue, measurements were performed one time each for ampoules of three lots, and the amount of evaporation residue was quantitatively determined to be 0.05 g kg -1 . This evaporation residue was used for the validation in purity determination. In purity determination, the sum of acetaldehyde, acetic acid, crotonaldehyde and evaporation residue was 1.0001 kg kg -1 . There were no another impurities in this CRM because this total value corresponded with 1.000 kg kg -1
. Fig. 4 The chromatogram of acetaldehyde solution in 1,4-dioxane for the impurity analysis with GC-FID. 
Estimating the uncertainty of the purity value
Next, the uncertainties of the calculated purity values were evaluated. A budget table for the uncertainty evaluation for purity is shown in Table 2 . The final uncertainty was a combination of the uncertainties for purity determination, homogeneity, stability, and the molecular mass of acetaldehyde used in unit conversion.
The uncertainty of neutralization titration consists of the uncertainties of measurement repeatability, of the titration solution concentration, of weighing, of changes in density due to temperature changes, and of the titration volume. For measurement repeatability and the titration solution concentration, the standard deviation was used as the uncertainty, while the uncertainty of weighing was the uncertainty stated in the certification of the balance value by JCSS. The change in density of the titration solution due to temperature changes was assumed to be the difference between the maximum density and the minimum density during the measurement. The change of the density was regarded to be uniformly distributed, and was divided by the √3 and used as the standard uncertainty. The tolerance for the volumetric value assigned to the cylinder by the manufacturer was used as the standard uncertainty of the titration volume.
In the impurity analysis, measurement repeatability, relative sensitivity, and the weighing mass and molecular mass were taken into consideration as the uncertainty factors. For measurement repeatability and relative sensitivity, the standard deviation obtained from triplicated measurement was used as the uncertainty, while the uncertainty of weighing mass was used from the certification value by JCSS. The molecular mass used in order to convert the unit for the quantitative value was computed from the IUPAC (2007) atomic mass table 9 and the uncertainty was calculated by combining the uncertainty of each element in the table.
In this study, 12 ampoules were analyzed and the purity value was calculated from these results. Therefore, the uncertainty of the homogeneity was considered to be included in the uncertainty of the purity analysis. When an analysis of variance was performed on the purity determination results, the uncertainty of homogeneity was calculated to be 0.00107 kg kg -1 . Furthermore, the uncertainty of stability was evaluated from the results of purity determination implemented periodically for approximately three months by ANOVA. The uncertainty due to stability was estimated by the method described in ISO Guide 35. 10 The standard uncertainty of stability for 3 months was estimated to 0.000083 kg kg -1 , and the expiration date was set at 3 years based on linear regression analysis. For this case, the uncertainty of stability was estimated to be 0.0010 kg kg -1 . The uncertainties for stability and molecular mass were combined into the uncertainty of purity determination, and the combined standard uncertainty with regards to purity was evaluated to be 0.0023 kg kg -1 . This was then multiplied by the coverage factor (k = 2) to obtain an expanded uncertainty of 0.005 kg kg -1 , and the certified value was determined to be 0.998 kg kg -1 . Moreover, the results for stability monitoring at a storage temperature of -20 C after the certified value was determined are shown in Table 3 . For stability monitoring, purity was calculated using the results by the neutralization titration and the impurity analysis by GC-FID. As shown in Table 3 , no increasing or decreasing trend was observed in the purity. Moreover, the measurement results for all of the monitoring periods contained the certified value (0.998 kg kg -1 ) within the range of their expanded uncertainty (k = 2). Furthermore, the measurement results and their uncertainty areas were contained within the uncertainty range of the certified value. Despite the poor stability of acetaldehyde, we concluded from these results that acetaldehyde sealed in a brown glass ampoule stored at -20 C will be stable for 3 years. It is evident that even acetaldehyde, which easily oxidizes and is highly volatile, can be stored without being affected by oxidation or polymerization by enclosing it in an ampoule and storing it at a temperature of -20 C.
Conclusions
Until now, there have been no reports of a method for the purity determination of acetaldehyde because it is both highly volatile and reactive. This research also suggests that acetaldehyde is easily oxidized by oxygen dissolved in the solvent or reagents for sample preparation of titration or GC measurement. From this, it is thought that in an accurate analysis of acetaldehyde, deoxidization of the solvent used for preparation is important. By the optimized procedure under airtight and anoxic conditions, it possible to suppress these properties. Conclusively, we a. The uncertainty of homogeneity was included in the purity determination. 
